The magnetization reversal behavior of submicron-sized patterned Co elements has been studied using off-axis electron holography. Magnetic fields were applied to the samples in situ to determine both the hysteresis loops of individual elements and the interactions between closely spaced elements. The observations show that an understanding of the formation of remanent states is likely to be of particular importance for the design of magnetic elements for device applications.
I. INTRODUCTION
A detailed understanding of magnetization reversal processes in submicron-sized magnetic elements is essential for their utilization in magnetic information storage applications. 1 The magnetic properties of small elements differ markedly from those of continuous films as a result of magnetostatic contributions to their energy. Hysteresis and remanence are also affected by interactions between neighboring elements. We have applied off-axis electron holography 2 in the transmission electron microscope ͑TEM͒ to investigate the magnetic properties of patterned Co nanostructures, which provide a near-ideal system for developing an understanding of micromagnetism. The technique allows the quantification of the magnetic fields within individual elements and the surrounding fringing fields.
II. EXPERIMENTAL DETAILS
Linear arrays of rectangular Co elements of nominal thickness 30 nm were prepared on self-supporting 55-nmthick silicon nitride membranes using standard electronbeam lithography and lift-off processes. In detail, the membranes were coated with polymethyl methacrylate ͑PMMA͒, and exposed to the rastered electron beam of a scanning electron microscope. The exposed parts were removed in a solution of 11:10:1 methyl isobutyl ketone: cellusol: methyl alcohol, and an electron-beam evaporator was used to deposit Co at a rate of ϳ0.05 nm/s. Immersion in acetone was used to remove the remaining PMMA and the overlying Co. Finally, Al (ϳ1 nm) was deposited onto the samples to minimize charging effects during observation in the electron microscope. The elements in each linear array were 275 nm in width, between 220 and 800 nm in length, and separated by gaps of between 170 and 350 nm. The linear arrays were separated by at least 10 m.
Off-axis electron holograms were recorded at 200 kV using a Philips CM200-FEG TEM equipped with a fieldemission electron source, an electrostatic ͑rotatable͒ biprism located in the selected-area aperture plane and a 1024 ϫ1024 pixel Gatan 794 multiscan charge-coupled device camera. 3 An additional Lorentz minilens ͑C s ϭ8 m and 1.2 nm line resolution at 200 kV͒, located in the bore of the objective lens pole piece, allowed images to be obtained at magnifications of up to 70kϫ with the main objective lens switched off and the sample located in almost field-free conditions. 4 The objective lens could also be excited slightly and the sample tilted to apply a known in-plane magnetic field to follow the magnetization processes in situ through hysteresis cycles. A biprism voltage of 100 V was used, corresponding to an overlap region of the holographic interference fringes of ϳ550 nm at the level of the sample. Reference holograms were always acquired from the adjacent silicon nitride to remove artifacts caused by local irregularities in the image/recording system. Figure 1 shows a representative hologram of two Co rectangles ͑275ϫ220 and 275ϫ300 nm in size, separated by 170 nm͒. Although the contrast of the holographic fringes is only ϳ1% because of the underlying silicon nitride membrane, the magnetization, which is proportional to the phase gradient for a sample of constant thickness, 3 could still be determined. It was particularly important to subtract the mean inner potential contribution from each phase image to leave the magnetic contribution that was of primary interest. The mean inner potential contribution was obtained by averaging the phases of pairs of holograms that differed only in the ͑opposite͒ directions of magnetization within each ele- ment. This procedure is described in more detail elsewhere. 6 In the experiments described below, the external magnetic field was always applied parallel to the line joining the two rectangles. Figure 2 shows the magnetic contribution to the phase over a complete hysteresis cycle, at a sampling density of ϳ6 nm/pixel. The in-plane component of the applied field is indicated at the bottom left corner of each image and the colors represent different magnetization directions. The phase contours, which are separated by 0.21 rad, follow lines of constant magnetization, and their separation is proportional to the magnetic-field strength ͑integrated in the incident-beam direction͒. The contours are rarely straight, 7 and lie almost parallel to the edges of the elements when the applied field is small in order to lower the magnetostatic energy. Both solenoidal and nonsolenoidal domain configurations are visible. This contrasts with the single-domain structures that have been reported in 100-300 nm wide Co elements. 8 However, domain configurations such as these are likely to be sensitive to small changes in deposition rate and film thickness, as well as the depth of surface oxide films.
III. RESULTS AND DISCUSSION
Although complete saturation of the magnetization in the Co elements was not observed, the domain structure was nonsolenoidal for large applied fields and the fringing fields around the elements were then strong. At intermediate fields ͑distorted͒ solenoidal structures were formed, but the fringing fields between the elements were only minimized when both elements exhibited flux closure. The similarity between these domain structures and similar electron holography results observed in larger ͑2 m͒ permalloy elements by Runge et al. 9 is fascinating, and may result from the similar ratio of domain-wall width to element size in the two experiments. There was evidence from these and larger Co elements for inhomogeneities in the magnetization along the lengths of domain walls, which may be associated with changes between Néel and Bloch-like behavior. The demagnetizing fields around the elements are difficult to quantify from Fig.  2 , although their magnitudes can be roughly estimated by comparing the spacings of the contours within the elements between the solenoidal and nonsolenoidal configurations. It should also be noted that the images in Fig. 2 were recorded with the samples in an average out-of-plane field of 3600 Oe. Equivalent series recorded with different out-of-plane fields confirmed that the fine details of the domain structure were only affected by the in-plane component of the applied field unless the out-of-plane component was very large. The effect of out-of-plane fields that are large enough to influence domain structure has been investigated for permalloy elements by Runge et al. 9 Figure 3 shows hysteresis loops for the same two Co elements, which were obtained from several series of holograms by plotting the fractional magnetization M /M S in the direction of the applied field for each element ͑where M S is the saturation magnetization in this direction͒. Points labeled C, E, H, and I in Fig. 3 are irreversible steps in the hysteresis loops, while DE and DI correspond to the ranges of applied fields over which solenoidal configurations exist. The switching field is higher for the smaller element. Interactions between the larger element and its right-hand neighbor in the linear array ͑not shown͒ cannot be discounted, although our observations are consistent with reports that the switching fields of rectangular elements increase as their length in the applied-field direction decreases. 10 Figure 3 shows that the solenoidal configuration is stable over a larger range of applied fields for the smaller element than for the larger. The stability of a single vortex appears to play an important role in determining the switching field for the elements examined here, in contrast to reports that coercivities are independent of element length for longer rectangular elements. 10 It is also interesting to note that the remanence of the Co elements examined here ͑i.e., the maximum value of M /M S attained͒ is larger than that reported for longer Co rectangles. 11 The images in Fig. 4 highlight the different possible remanent states of the two elements. A knowledge of remanent states is particularly important for device applications in which an element is first magnetized and the external field then removed, with the objective of retaining a nonsolenoidal distribution ͓as in Figs. 4͑a͒ and 4͑g͔͒ . The holograms corresponding to Figs. 4͑a͒-4͑f͒ were each recorded after applying a large positive in-plane field to the sample, then a negative field as given by the value indicated, and finally reducing the applied field to zero. Figures 4͑g͒-4͑l͒ were served. An example is the double-vortex structure visible in the larger rectangle ͓see Figs. 4͑c͒, 4͑d͒, 4͑h͒, 4͑i͒ , and 4͑j͔͒, which can be described as a combination of two doublet edge clusters. 12 These magnetization images also suggest that nonsolenoidal domain configurations such as that shown in Fig. 4͑b͒ formed after taking the magnetization beyond the supposedly ''irreversible'' transformation at point D in Fig.  3 , which would indicate that some of the solenoidal distributions in Fig. 2 are only stable in the presence of an external field. However, the fact that Figs. 4͑a͒ and 4͑g͒ are not identical to Figs. 2͑e͒ and 2͑m͒ suggests that this behavior may, in fact, result from variations in the exact domain configuration seen between one magnetization cycle and the next ͑see below͒. It is also important to note that different magnetization configurations can be retained in elements as closely spaced as these ͓see, for example, Fig. 4͑h͔͒ . The discrepancies between Figs. 2 and 4 suggested that the reproducibility of the magnetic response should be assessed in more detail. Examination of several series of holograms indeed showed that the domain structure within individual Co elements was not always exactly reproduced from one magnetization cycle to the next. However, when the fractional magnetization in the direction of the applied field M /M S was calculated, an almost identical hysteresis loop was plotted for every cycle. A further lack of consistency between the behavior of nominally identical linear chains of Co elements is shown in Fig. 5 , in the form of montages of Lorentz micrographs from three chains laterally separated by at least 10 m. Such images, in which the domain walls appear as narrow bright or wider dark lines, provide a qualitative method for following changes in domain structure. 13 Examination of Fig. 5 demonstrates that elements of identical size do not exhibit identical domain structures as they are taken through the same hysteresis cycle. This result is obviously important for device applications that rely on the presence of a given domain configuration at a particular stage in a magnetization cycle.
While the detailed results presented above are specific to the dimensions and thicknesses of the Co elements examined here, it is clear that the formation of remanent states from different stages in a magnetization reversal loop has fundamental implications for the design of magnetic elements for device applications. A comparison of experimental data such as these with micromagnetic calculations is now required. The extent to which specific domain structures are reproducible between successive magnetization cycles should also be considered in future studies.
